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The ac electrical response is studied in thin films composed of well-defined nanometric Co particles em-
bedded in an insulating ZrO2 matrix which tends to coat them, preventing the formation of aggregates. In the
dielectric regime, ac transport originates from the competition between interparticle capacitive Cp and tunnel-
ing Rt channels, the latter being thermally assisted. This competition yields an absorption phenomenon at a
characteristic frequency 1/(RtCp), which is observed in the range 10–10 000 Hz. In this way, the effective ac
properties mimic the universal response of disordered dielectric materials. Temperature and frequency deter-
mine the complexity and nature of the ac electrical paths, which have been successfully modeled by an Rt-Cp
network.
DOI: 10.1103/PhysRevB.67.033402 PACS number~s!: 83.80.Fg, 72.25.2b, 73.23.Hk, 73.50.2hGranular films composed of magnetic nanoparticles em-
bedded in an insulating matrix are currently the object of
very active research because of their magnetic and transport
properties, which have promising technological
applications.1 In addition, the rapid development of several
film preparation techniques provides granular systems with a
well controlled nanostructure, in which the interparticle
transport processes and magnetic behavior of nanoparticles
can be studied. In particular, dc transport properties of granu-
lar thin films have been widely investigated in the last
decades2 and explained in the dielectric regime at low elec-
trical fields in terms of thermally assisted tunneling.3 Al-
though studies of the frequency behavior of tunneling junc-
tions have been undertaken,4,5 the ac response of granular
metals in the dielectric regime is not yet properly character-
ized in the limit where the admittances rising from interpar-
ticle tunneling processes and interparticle capacitances be-
come of similar magnitude. Previous experimental and
theoretical works devoted to the study of the ac transport and
optical properties of granular media have been almost exclu-
sively focussed on systems for which tunneling processes
can be neglected.6–10 In these cases, a random network of
capacitive and resistive bonds, which represent the insulating
and metal components, respectively, has successfully mod-
eled the ac response of granular metals.6,7 In particular, scal-
ing laws for ac magnitudes, based on percolation theory,
have been proposed and experimentally verified in the me-
tallic and dielectric regimes for negligible interparticle
tunneling.7–9
In this paper, we report ac electrical measurements in
granular thin films with competing tunneling and capacitive
channels in the dielectric regime. Most of the observed ac
properties mimic the universal response of disordered dielec-
tric materials, but at much lower frequencies. In particular, as
a direct consequence of the competition between tunneling
and capacitive conduction, an absorption phenomenon is ob-
served in the range 10–10 000 Hz, which is very much lower
as compared to that corresponding to the classical optical
properties in granular media.10 This ac behavior is explained0163-1829/2003/67~3!/033402~4!/$20.00 67 0334in terms of an R-C network in which each bond contains a
parallel combination of randomly distributed values of a re-
sistor ~R! and a capacitor (C), where R is the tunneling
resistance and C the interparticle capacitance.
Below the percolation threshold, the ac electrical transport
between isolated metallic particles embedded in an insulating
matrix is mainly due to two processes: ~i! quantum electron
tunneling between grains with separations of the order or less
than one nanometer and ~ii! the ac conduction by virtue of
the capacitance between charged surfaces of neighbor par-
ticles, which can be thought of as electrodes of a complex
network of capacitors. At low electrical fields, the first
mechanism is temperature dependent, since it requires the
thermal generation of charge carriers overcoming the Cou-
lomb charging energy of the particles.3 Assuming that the
volume fraction x of the metallic component, is uniform
within a region of a few particle diameters d it is reasonable
to expect that l/d is a constant, l being the mean interparticle
distance. Consequently, at each temperature the percolation
path chiefly extends over the smallest particles whose Cou-
lomb energies can be thermally activated. This is due to l/d
being constant and the height of the tunnel barrier that in-
creases exponentially with the interparticle separation.3
Contrarily, the capacitance is temperature independent
and is always present between neighboring particles with
their faced surfaces oppositely charged, no matter what their
separation is. In fact, the highest capacitance occurs between
the largest particles in spite of their large separation, since
the capacitance for particles with similar size increases lin-
early with d ~their capacitance is proportional to d2/l with
d/l being approximately constant throughout the system!.
Furthermore, ac transport between the largest particles is
only possible by capacitance, since their corresponding large
separation yields very high tunnel barriers.
The samples used in this study were 400 nm thick films
composed of nanometric Co particles embedded in an insu-
lating matrix of ZrO2 stabilized with 7 mol. % Y2O3. The
films were deposited at room temperature onto glass sub-
strates by laser ablation of rotating targets comprised of sec-©2003 The American Physical Society02-1
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as long as the preparation conditions were the same and the
experimental parameters ~e.g. energy fluence, size of the
spot, and roughness of the target surface! were carefully con-
trolled. Parts of the films were annealed at 575 °C for several
hours. The average composition was determined by x-ray
photoelectron spectroscopy and microprobe analysis. High
resolution transmission electron microscopy ~TEM! indi-
cated the existence of crystalline Co particles ~see the detail
in Fig. 1! of round shape embedded in amorphous zirconia.
The particle size distribution was determined by TEM as
well as by fitting the low-field magnetic susceptibility ~zero
field cooling! and the high-temperature isothermal magneti-
zation curves, to a distribution of Langevin functions. TEM
showed sharp interfaces between the Co particles and insu-
lating matrix with no detectable interdiffusion boundaries.
Moreover, the amorphous matrix tends to coat the metallic
particles, preventing the formation of aggregates even at
relatively high Co concentrations. Thus, the medium is par-
tially correlated, a fact which raises the effective percolation
threshold. This allows us to obtain samples with a high me-
tallic concentration consisting of nanometric isolated par-
ticles with small interparticle separations, avoiding the for-
mation of filamentary clusters as observed in samples
prepared by other methods near the percolation threshold.8
The existence of metal-matrix interfaces of high quality is
also confirmed by the observation of a quasitemperature in-
dependent magnetoresistance of about 7% in samples with
Co-volume fractions close to x50.40.11 This value is in
agreement with those found elsewhere for different Co-based
granular systems12 and corresponds to a spin polarization of
0.27, close to the expected value of 0.3320.35.13 The ac
electrical measurements were carried out by a four probe
technique using a lock-in amplifier and an ac constant cur-
rent source in the frequency range of 10 to 6500 Hz. Four
parallel strips of copper separated by 0.7 mm were deposited
on the sample’s top surface as electrodes.
A deep insight in the ac electrical properties is gained by
analyzing the phase f of the voltage drop across the sample
FIG. 1. Bright field TEM image for an annealed sample, dis-
playing a distribution of Co particles in an Y2O3 stabilized ZrO2
matrix. The inset shows parallel interference patterns inside the Co
particles.03340as a function of the frequency n . The dependence of the
f(n) curves on the Co-volume fraction and annealing tem-
perature will be published elsewhere.11 In this paper, we fo-
cus on a sample with a Co-volume fraction x50.37. Linear-
logarithmic size distributions were obtained from low-field
susceptibility, magnetization curves, and TEM images. For
the as-deposited samples the mean diameter is d53.060.5
nm with a width s50.17, whereas for the annealed samples
d51762 nm and s50.37. Figure 2 shows f(n), measured
at different temperatures for the as-deposited sample. At high
temperatures ~around 290 K! and low frequencies, f is
roughly zero, corresponding to the current circulating essen-
tially by interparticle tunneling through a resistive path. As n
is increased the admittance associated with the interparticle
capacitance increases and the current progressively flows
through capacitive paths which are in series and/or parallel
configurations with respect to the tunneling channels, dimin-
ishing the phase of the voltage drop. At intermediate tem-
peratures ~see curves for 134.7, 90.3, 59.7, and 40.5 K in Fig.
2!, a constant phase regime ~CPR! is reached after a first
phase drop similar to that observed at higher temperatures.
The onset of this plateau occurs at frequencies at which the
admittance associated with the capacitance between large
particles becomes comparable to the tunneling conductance.
In this way, capacitive short cuts are randomly inserted in the
tunneling path, improving the electrical connectivity and
thus favoring the current circulation through the resistive
backbone. This regime is lost at higher frequencies, when the
admittance due to the capacitance between small particles
becomes comparable to the tunneling conductance and a sig-
nificant part of the total current is flowing through this ca-
pacitive channel. The CPR shifts towards lower frequencies
as the temperature is reduced because of the effective de-
crease of the tunneling conductance, as the amount of charge
carriers is reduced. In particular, at 29 K, CPR has moved to
frequencies below 10 Hz ~see Fig. 2!.
All the above features are also found in the ac response of
a cubic random R-C network,14 in which a fraction of the
FIG. 2. The phase of the voltage drop across the sample versus
frequency. From bottom to top, curves correspond to T529.0, 40.5,
59.7, 90.3, 134.7, 214.7, and 290.1 K. The inset shows the corre-
sponding results for a random R-C network. From left to right xr
50.95, Rt52.531014 V; xr50.9, Rt52.531013 V; and xr
50.85, Rt52.531012 V . Cp and Cp8 are fixed at 10217 F and
50 Cp , respectively.2-2
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a resistor Rt and a capacitor Cp ~interparticle tunneling re-
sistance and capacitance, respectively!, and the rest by ca-
pacitors only, of higher capacitance Cp8 ~capacitance between
the largest particles not electrically connected by tunneling!.
For 10 nm particles with a separation of 1 nm, Rt is esti-
mated from experimental data on tunneling junctions to be in
the range 101421012 V as the temperature varies from 30 to
290 K,15 Cp is about 10217 F ~Ref. 16! and Cp8 is assumed to
be 50 Cp . The inset of the Fig. 2 shows f(n) for a cubic
lattice with 2900 electrical bonds, which was calculated with
the WINSPICE program.17 Three values of xr and Rt have been
used to simulate the effect of temperature, leading to a very
good qualitative agreement with the experimental results.
The thermal variation of the mean value of f corresponding




ln sn* , ~1!
where s* is the complex conductance of the system and sn*
is the conductance of the nth electric bond of the network. At
intermediate frequencies at which the contribution of Cp can
be neglected, a CPR of the conductance is obtained
s*~v!’~ ivCp8!12xr ~1/Rt!xr}~ iv!12xr. ~2!
Therefore, f in the CPR is simply 2(12xr) p/2. From the
experimental results ~see Fig. 2! (12xr) can be estimated to
vary from about 0.05 at 29 K to about 0.13 at 290 K, indi-
cating that as the temperature increases the fraction of effec-
tive resistive bonds is reduced. This is because higher ther-
mal activation allows tunneling through smaller particles
with higher charging energy, which reduces the total length
of the resistive path.
The inset of Fig. 3 shows the thermal dependence of r
5s0
21
, obtained from the experimental data by extrapolating
the real part of the conductance s(v) to zero frequency. It is
evident that except for a slight deviation at temperatures
above 220 K, r(T) varies as exp(2 AB/kBT) with B
FIG. 3. Normalized conductance as a function of frequency.
Temperatures are 59.7, 90.3, 134.7, 214.7, and 290.1 K from bottom
to top. Straight lines indicate the CPR. The inset shows the zero
frequency resistivity versus T21/2.03340525.3 meV. Such a dependence is predicted3 for thermally
assisted tunneling and corroborates the existence of a tunnel-
ing path through the sample. In Fig. 3, the frequency depen-
dence of s(v)/s0 is depicted at different temperatures,
which according to Eq. ~2! follows a potential law with an
exponent roughly within 0.0520.13 in the CPR frequency
range.
It is worth noting that these electrical properties share
with dielectric materials most of the features known as uni-
versal response.19 In Fig. 4, it is shown that the total capaci-
FIG. 4. Capacitance and loss peak as a function of frequency for
a random R-C network with xr50.9, Rt52.531013 V , Cp
510217 F, and Cp8550 Cp .
FIG. 5. Sample capacitance ~a! and loss peak ~b! as a function of
ln(n)1W/kBT. The scaling factor W/kBT is added to make the loss
peak frequencies np at different temperatures coincide. Different
symbols correspond to T being varied from 29 to 275 K. In the inset
t51/np is plotted versus 1/T .2-3
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following a power law and approaches the total interparticle
capacitance of the system. At the same time, the dielectric
loss defined as @s(v)2s0#/v develops a peak at the onset
of the capacitance fall. For the experimental data, the peak
position of the dielectric loss and the power law regime of
the capacitance shift towards lower frequencies as the tem-
perature is reduced. This is caused by the large thermal varia-
tion of the interparticle tunneling resistance originated from
the change in the charge carrier amount. This thermal effect
also changes the length of the resistive path, since at high
temperatures the charging energy of the small particles may
be overcome, creating new electrical paths with low tunnel-
ing barriers, and in this way, improving the system connec-
tivity. In fact, the thermal dependence of the peak position of
the dielectric loss is found to follow an Arrhenius law @see
the inset of Fig. 5~a!#, as expected for a thermal activation
process, and takes place at a characteristic frequency of the
order of 1/(RtCp8). The activation energy deduced from this
dependence is W518.6 meV, a value which is comparable
to that of the constant B in r(T). By using W/kBT as a
scaling parameter, all the curves corresponding to the capaci-
tance and the dielectric loss at different temperatures col-
lapse onto two master curves ~see Fig. 5!. These curves re-
markably resemble those corresponding to the universal03340dielectric response,19 but taking place in a lower frequency
range than what is usually observed in dielectric materials.
Moreover, both sides of the dielectric loss peak follow a
power law, as expected for a universal response, with expo-
nents close to 0.5.
No evidence of charge carrier trapping in the interfaces
between metallic particles and the amorphous matrix has
been observed. However, this effect only gives an additional
contribution to the real part of the admittance, as previously
observed in tunnel junctions,5,20 but does not produce a loss
peak. We cannot discard the occurrence of this phenomenon
in our samples, but if present it would be hidden by the
dominant contribution of the R-C competition.
In conclusion, we have showed that the ac absorption phe-
nomenon in Co-ZrO2 granular films originates from the com-
petition between interparticle tunneling resistance and ca-
pacitance which takes place throughout a complex three-
dimensional random R-C network. The inherent disorder of
this network produces an effective universal response which
is very similar to that observed in many disordered dielectric
materials, but at much lower frequencies.
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